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AGING is associated with a decline in maximal exercise capacity (13, 18, 26, 33) , which is due in part to impaired exercise hyperemia (3, 12, 19, 24, 32, 34, 35) . Emerging evidence in humans and animals suggests that with age, endothelial dysfunction limits vasodilation in the skeletal muscle vascular beds, particularly in oxidative muscle (24, 31, 44, 55) . The feed artery is of particular importance as it is a primary control point for regulating total blood flow to the soleus muscle at rest and during exercise (53) . Because of the rat soleus muscle feed artery (SFA)'s importance in regulating muscle blood flow at rest and exercise, our laboratory has focused on determining the mechanisms that influence endothelial function in this vessel with age. We have previously demonstrated impaired endothelium-dependent dilation in the SFA, which is primarily due to attenuated nitric oxide (NO) bioavailability (50, 54 -57) .
Increased NO degradation by superoxide anion (O 2 Ϫ ) has been implicated as a major mechanism for age-related endothelial dysfunction (7, 10, 41-43, 50, 52) . A number of potential sources of O 2 Ϫ exist in the aged vasculature, including NAD(P)H oxidase, xanthine oxidase, and mitochondrial sources (7, 20, 51) . In addition, endothelial nitric oxide synthase (eNOS), in the absence of its cofactor tetrahyrobiopterin (BH 4 ), can produce O 2 Ϫ (4, 8, 16, 40) . We have recently reported that scavenging O 2 Ϫ with exogenous superoxide dismutase (SOD) improves NO-mediated, endothelium-dependent dilation in senescent rat SFA (50) . Similarly, exogenous antioxidants improve vasodilation (15) and exercise hyperemia (24) in the aged human forearm vasculature. Interestingly, Sindler et al. (40) recently reported that inhibition of reactive oxygen species (ROS) production or scavenging of O 2 Ϫ attenuated flow-induced dilation in soleus first-order (1A) arterioles from both young and old rats. In addition, these investigators reported that hydrogen peroxide (H 2 O 2 ) plays a role in flowinduced dilation in soleus 1A (40) . Vascular H 2 O 2 can be generated by SOD scavenging of O 2 Ϫ , spontaneous dismutation of O 2 Ϫ , and by direct production from NAD(P)H oxidase (9, 29, 59 ). H 2 O 2 has been implicated in some studies as a vasodilator in the aged vasculature (23, 40 ) whereas other studies suggest that H 2 O 2 contributes to age-related endothelial dysfunction (47, 48, 51) .
Due to the apparent contrast between our data and that of Sindler et al. (40) , the ambiguous role of H 2 O 2 in endothelial function with age and the differing location and roles of the SFA (outside the muscle, regulation of total muscle blood flow) and the 1A arteriole (inside the muscle, regulation of blood flow within the muscle), we sought to determine whether ROS play a role in age-related endothelial dysfunction in rat SFA. We hypothesized that age-related endothelial dysfunction in rat SFA is mediated, in part, by NAD(P)H oxidase-derived ROS.
METHODS

Animals
The methods used in this study were approved by the Texas A&M University Institutional Animal Care and Use Committee. Male Fischer 344 rats [4 mo (n ϭ 47) and 24 mo of age (n ϭ 44)] were acquired from the National Institute of Aging (NIA) and housed at the College of Veterinary Medicine's Comparative Medicine Program Facility. Rats were housed under a 12:12-h light-dark cycle, and food and water were provided ad libitum. The rats were examined daily by Comparative Medicine Program veterinarians. Fischer 344 rats were chosen, in part, because of the absence of atherosclerosis or hypertension with age (26); thus we could examine the effect of aging in the absence of other cardiovascular risk factors.
Isolation of Feed Arteries
The protocol for SFA isolation has been described previously in detail (54 -57) . Briefly, rats were anesthetized with an injection of pentobarbital sodium (60 mg/kg body wt ip). The soleus/gastrocnemius muscle complex was dissected from both hindlimbs and was placed in a MOPS-buffered physiological saline solution (PSS), containing (in mM) 145.0 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, and 25.0 MOPS (pH 7.4). SFA were dissected free and transferred to a Lucite chamber containing MOPS-PSS (2 ml) for cannulation. SFA not used for isolated artery studies were dissected, transferred to a microcentifuge tube, snap-frozen, and stored at Ϫ80°C for subsequent biochemical analyses.
Determination of Vasodilator Responses
Preparation of arteries. SFA were cannulated with two resistancematched glass micropipettes and secured with a single strand of surgical thread. The micropipettes were attached to separate reservoirs filled with MOPS-PSS supplemented with albumin (1 g/100 ml). The height of each reservoir was adjusted to set intraluminal pressure in each feed artery to 60 cmH 2O (1 mmHg ϭ 1.36 cm H2O) for 20 min. SFA were checked for leaks by verification that intraluminal diameter was maintained after closing the pressure reservoirs. After 20 min, intraluminal pressure was raised to 90 cmH 2O and the SFA were allowed to equilibrate for an additional 40 min at 37°C. At the end of the equilibration period, arteries that did not develop at least 25% spontaneous tone were discarded. All experimental protocols were conducted at an intraluminal pressure of 90 cmH 2O to approximate in vivo SFA pressure (53) .
Assessment of vasodilation. Endothelium-dependent, flow-induced dilation was assessed by establishing intraluminal flow in the SFA by raising and lowering the heights of the pressure reservoirs in equal but opposite directions while maintaining constant pressure at the midpoint of the artery (25) . Vasodilator responses to flow were assessed at pressure gradients of 0, 2, 4, 6, 8, 10, 15, 20, 30, and 40 cmH 2O, corresponding to flow rates of 0 -62 l/min. Each flow rate was maintained for 5 min to allow SFA to reach a steady diameter. Endothelium-dependent, acetylcholine (ACh)-induced dilation was assessed in SFA by adding cumulative, increasing, whole log doses of ACh over the range of 10 Ϫ9 -10 Ϫ4 M. Endothelium-independent dilation was assessed in SFA by addition of cumulative, increasing, whole log doses of sodium nitroprusside (SNP) over the range of 10 Ϫ9 -10 Ϫ4 M.
Effects of ROS on Endothelium-Dependent Dilation
To determine the role and source of vascular ROS, endotheliumdependent vasodilator responses were assessed in the absence and presence of Tempol (100 M, a cell-permeable SOD mimetic) and apocynin (100 M), an NAD(P)H oxidase inhibitor (22, 28, 38, 45) . Tempol or apocynin was added to the vessel bath 30 min before assessing the dilator responses.
To determine the role of H 2O2 in endothelium-dependent dilations, vasodilator responses were assessed in the absence and presence of catalase (100 U/ml, a non-cell-permeable H2O2 scavenger) and PEGcatalase (200 U/ml, a cell-permeable H2O2 scavenger). Catalase or PEG-catalase was added to the vessel bath for 30 min before assessing the dilator responses.
Assessment of Vascular Responses to Exogenous and Endogenous ROS
To determine the role of exogenous H2O2 in vascular reactivity of young and old SFA, H2O2 was added to the vessel bath in cumulative, increasing, whole log doses over the range of 10 Ϫ7 -10 Ϫ2 M. To determine the role of endogenous ROS in vascular reactivity of young and old SFA, NADPH [substrate for NAD(P)H oxidase] was added to the vessel bath in cumulative, increasing, whole log doses over the range of 10 Ϫ7 -10 Ϫ4 M, concentrations previously shown to elicit relaxation in rat arteries (29) .
Immunoblotting
Relative protein content of NAD(P)H oxidase subunits, SOD isoforms, and catalase were assessed in single SFA using immunoblotting techniques described previously in detail (21) . The following NAD(P)H subunit protein contents were assessed using monoclonal antibodies: gp91phox (1:1,000, BD Biosciences, catalog no. G95320), p47phox (1:1,000, BD Biosciences, catalog no. P33720), p67phox (1:250, BD Biosciences, catalog no. 610912), and Nox-1 (1:500, Santa Cruz Biotechnology, catalog no. sc-25545). The following SOD isoform protein contents were assessed using polyclonal antibodies: Cu/Zn SOD (1:3,333, Assay Designs, catalog no. SOD-100), mitochondrial SOD (mnSOD) (1:6,000, Assay Designs, catalog no. SOD-110), and extracellular SOD (ecSOD) (1:1,000, Assay Designs, catalog no. SOD-105). Catalase protein contents were assessed using a monoclonal antibody (1:1,000, Sigma-Aldrich, catalog no. C-0979). In addition, relative SFA nitrotyrosine content was assessed using a polyclonal antibody (1:1,000, Millipore, catalog no. AB5411). Immunoblots were evaluated by enhanced chemiluminescence (ECL, Amersham) and densitometry by using a LAS-4000 Luminescent Image Analyzer and Multi-Gauge Image Analysis Software (FUJIFILM Medical Systems). Protein data were expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to control for small differences in protein loading. GAPDH protein content was assessed with a monoclonal antibody (1:10,000, Millipore, catalog no. AB374). Because the nitrotyrosine antibody binds with nitrosyolated tyrosine residues across the range of molecular weights, the optical density of each whole lane (representing 1 whole SFA) was quantified and expressed as a ratio of GAPDH density.
SOD Activity Assay
Single SFA were solubilized in 20 l of 20 mM HEPES buffer using repeated freeze-thaw cycles. SFA SOD activity was assessed using a commercially available SOD activity assay kit (Cayman Chemical) as previously described (14) and assessed colorimetrically. The remainder of the sample was used to determine total protein content using a commercially available kit (Micro BCA, Pierce).
Drugs
All drugs were obtained from Sigma-Aldrich and with the exception of apocynin were dissolved in PSS. Apocynin was dissolved in dimethyl sulfoxide (DMSO) such that the concentration of DMSO in the vessel bath did not exceed 0.1%. Pilot studies revealed that this concentration did not alter endothelium-dependent or -independent dilations.
Statistical Analysis
All data are presented as means Ϯ SE. Between-group differences in body mass, maximal diameters, %spontaneous tone, relative protein content, and SOD activity were assessed by using Student's t-test or one-way ANOVA where appropriate. Vasodilator response data were assessed as percent possible dilation calculated as [(Ddose Ϫ DB)/ (DP Ϫ DB)] ϫ 100, where Ddose is the measured diameter for a give dose/flow rate, DB is the baseline diameter before the dose-response curve, and DP is maximal passive diameter. Maximal passive diameter was assessed by incubating the SFA in Ca 2ϩ -free PSS for 30 min. Two-way repeated-measures ANOVA with repeated measures on one factor (dose/flow rate) was used to determine differences in dilator responses. Statistical significance was set a P Յ 0.05 probability level.
RESULTS
Characteristics of Rats and SFA
Body weight and maximal vessel diameter were significantly greater in old rats compared with young (Table 1) . Spontaneous myogenic tone was not altered with either age or pharmacological treatment (Table 1) .
Vasodilator Responses
Both flow-and ACh-induced dilations were attenuated with age ( Fig. 1, A and B) . SNP-induced (endothelium-independent) dilation was not altered with age (Fig. 1C) .
Role of O 2 Ϫ in Endothelium-Dependent Dilation
In SFA from young rats, scavenging of O 2 Ϫ with Tempol did not alter flow-induced dilation ( Fig. 2A) . In SFA from old rats, Tempol significantly improved flow-induced dilation (Fig. 2B) . Similarly, the presence of Tempol did not alter ACh-induced dilation in SFA from young rats and improved dilation in SFA from old rats (Fig. 2, C and D) .
Apocynin did not alter flow-induced dilation in SFA from young rats (Fig. 3A) whereas apocynin significantly improved flow-induced dilation in SFA from old rats (Fig. 3B) . Apocynin attenuated AChinduced dilation in SFA from young rats (Fig. 3C ) and improved ACh-induced dilation in SFA from old rats (Fig. 3D) .
Role of H 2 O 2 in Endothelium-Dependent Dilation
Neither catalase (extracellular H 2 O 2 scavenging) nor PEGcatalase (intracellular H 2 O 2 scavenging) significantly altered flow-induced dilation in SFA from young rats (Fig. 4A ). There was a tendency (P ϭ 0.07) for a group-by-flow rate interaction, but this was not statistically significant. In contrast, both catalase and PEG-catalase blunted ACh-induced dilation in SFA from young rats (Fig. 4C) . In SFA from old rats, catalase significantly improved flow-induced dilation (Fig. 4B) , and PEG-catalase significantly improved ACh-induced dilation (Fig. 4D) .
Vascular Responses to Exogenous and Endogenous ROS
Increasing concentrations of H 2 O 2 (exogenous ROS) resulted in significant vasodilation in SFA from both young and old animals; however, this dilator response was blunted with age ( Fig. 5A) .
In response to NADPH, SFA from young animals exhibited modest dilation. In contrast, vessels from old animals exhibited vasoconstriction (Fig. 5B) .
Immunoblotting
Immunoblot analysis for NAD(P)H oxidase subunits revealed that age resulted in increased gp91phox protein content (Fig. 6C ) whereas age did not alter p47phox, p67phox, or Nox-1 protein content (Fig. 6, A, B, and D) . Immunoblots for SOD isoform protein content revealed that SOD-1 and ecSOD protein contents from SFA from young and old rats were similar 
Values are means Ϯ SE. *Significantly different from young, P Յ 0.05. ( Fig. 7, A and C) . mnSOD protein content was greater in SFA from old rats compared with young (Fig. 7B) . SOD enzyme activity was not altered with age (Fig. 7D ). Catalase protein content was not altered with age (Fig. 7E) . Nitrotyrosine expression was not statistically different (P ϭ 0.1) with age ( Fig. 8) .
DISCUSSION
The purpose of this study was to test the hypothesis that age-related endothelial dysfunction in rat SFA is mediated in part by NAD(P)H oxidase-derived ROS. The major new 11) . B is baseline diameter before the first dose of ACh. Values are means Ϯ SE. *Dose-response curve significantly different from control, P Յ 0.05. Fig. 3. Flow-induced (A and B) in SFA in the absence or presence of apocynin (100 M); n sizes: young control (n ϭ 24), young ϩ apocynin (n ϭ 11), old control (n ϭ 29), old ϩ apocynin (n ϭ 8). ACh-induced (C and D) dilation in SFA in the absence or presence of apocynin; n sizes: young control (n ϭ 28), young ϩ apocynin (n ϭ 11), old control (n ϭ 29), old ϩ apocynin (n ϭ 8). B is baseline diameter before the first dose of ACh. Values are means Ϯ SE. *Dose-response curve significantly different from control, P Յ 0.05.
findings of this study are as follows: 1) O 2 Ϫ scavenging, NAD(P)H oxidase inhibition, and H 2 O 2 scavenging improved endothelium-dependent dilation in SFA from old rats; 2) NAD(P)H oxidase inhibition and H 2 O 2 scavenging attenuated ACh-induced dilation in SFA from young rats;. 3) both exogenous and endogenous ROS elicited dilation in SFA from young rats but these dilations were blunted (exogenous) or reversed (endogenous) in SFA from old rats; and 4) NAD(P)H oxidase subunit gp91phox protein content was greater in SFA from old compared with young rats. Collectively, these results suggest that NAD(P)H oxidasederived ROS contribute to impaired endothelium-dependent dilation in old SFA, whereas these ROS play a role in dilation in SFA from young rats.
Age is associated with impairment in endothelial function in conduit and resistance arteries in humans and animals including the SFA (2, 4, 5, 7, 8, 31, 46, 52, 54). SFA were used in this study because the SFA is a primary control point for regulating total muscle blood flow to the soleus muscle at rest and during exercise (53) . In addition, exercise hyperemia to oxidative muscle (including the soleus) is attenuated with age (32). An impaired ability of the SFA to dilate during physical activity may contribute to attenuated exercise hyperemia and exercise capacity. In the present study, the findings that age attenuates both flow-and ACh-induced dilation are in accord with previous studies from our laboratory demonstrating endothelial dysfunction with age in the SFA (50, 54 -57) . Also in accord with our previous studies, endothelium-independent dilation was not altered with age (54 -57), suggesting that the ability of the vascular smooth muscle to respond to NO is preserved.
The precise mechanisms that mediate dilation of the skeletal muscle vasculature during exercise are not fully understood; however, understanding the basic mechanisms that regulate endothelial function may provide insight into the more specific condition of exercise. Examining both flow-and ACh-dilation provides the advantage of examining a dilator pathway (flow) that is primarily NO-and prostacyclin dependent (55) and a pathway (ACh) that is dependent on NO, prostacyclin, and EDHF (50, 55) . Lastly, examining diverse mechanisms of endothelium-dependent dilation provides insight as to whether a specific ligand/ receptor-mediated dilation is impaired with age or if endothelial function on the whole is impaired.
We have previously shown that exogenous SOD improved ACh-induced dilation in a NO-dependent manner in senescent SFA (50) . This led us to hypothesize that with age, vascular O 2 Ϫ limits endothelium-dependent dilation. We found that scavenging of O 2 Ϫ with the SOD mimetic Tempol or treatment with apocynin improved endothelium-dependent dilations in SFA from old rats. Apocynin has been shown to inhibit translocation of p47phox and p67phox [NAD(P)H oxidase regulatory subunits] to the cell membrane, resulting in decreased enzyme activity (22, 28, 45) . It should be noted that apocynin has recently been shown to exhibit antioxidant effects in certain conditions rather than acting as a specific as an NAD(P)H oxidase inhibitor (17) . Therefore a measure of caution should be used in interpreting results where apocynin is used.
Interestingly, Sindler et al. (40) found that in senescent soleus 1A arterioles both O 2 Ϫ scavenging with Tempol and apocynin treatment attenuated flow-induced dilation. This dif- Fig. 4. Flow-induced (A and B) dilation in SFA in the absence or presence of catalase (an extracellular H2O2 scavenger, 100 U/ml) or PEG-catalase (an intracellular H2O2 scavenger, 200 U/ml); n sizes: young control (n ϭ 24), young ϩ catalase (n ϭ 8), young ϩ PEG-catalase (n ϭ 8), old control (n ϭ 29), old ϩ catalase (n ϭ 7), old ϩ PEG-catalase (n ϭ 8). ACh-induced (C and D) dilation in SFA in the absence or presence of catalase or PEG-catalase; n sizes: young control (n ϭ 28), young ϩ catalase (n ϭ 8), young ϩ PEG-catalase (n ϭ 9), old control (n ϭ 29), old ϩ catalase (n ϭ 8), old ϩ PEG-catalase (n ϭ 8). B is baseline diameter before the first dose of ACh. Values are means Ϯ SE. *Dose-response curve significantly different from control, P Յ 0.05. ference may be explained by the difference in anatomic location of the vessel as the SFA is external to the soleus whereas the 1A arteriole is internal. As contracting muscle releases ROS (36), the apparently ROS-mediated dilations of the 1A arterioles suggest that muscle-derived ROS may mediate dilation of these vessels during exercise and that the ability to dilate in response to ROS is preserved with age. In contrast, the feed artery is external to the muscle and may be exposed to different concentrations and/or respond differently to extravascular ROS.
Since H 2 O 2 has been implicated as an endothelium-derived hyperpolarizing factor (EDHF) in some studies (23, 30, 40) but contributes to endothelial dysfunction in others (47, 48, 51) , we also sought to determine the role of H 2 O 2 in endothelial dysfunction. We utilized both extracellular (catalase) and intracellular (PEG-catalase) H 2 O 2 scavengers and found that scavenging of H 2 O 2 did not significantly alter flow-induced dilation, but blunted ACh-induced dilation in SFA from young rats. In SFA from old rats, catalase treatment improved flowinduced dilation, whereas PEG-catalase improved ACh-induced dilation. These results suggest that with age H 2 O 2 impairs endothelium-dependent dilation in the rat SFA. These results are in contrast to those observed in soleus 1A arterioles (40) and underscore the important differences in mechanisms regulating vascular reactivity in feed arteries vs. arterioles despite their proximity. (1, 6, 39) ; thus it is conceivable that in the skeletal muscle vasculature aging results in a shift in this balance to favor production constrictors. Taken together these data suggest that O 2 Ϫ and H 2 O 2 may act through different pathways to impair endothelial function with age and that scavenging one of these radicals may be adequate to result in some improvement in endothelial function.
The finding that scavenging of H 2 O 2 and treatment with apocynin blunt dilation in SFA from young rats (Fig. 3) is intriguing as it suggests that ROS contribute to AChinduced dilation in young vessels. Importantly, H 2 O 2 has been implicated as an EDHF and also appears to play a role in eNOS phosphorylation and activation (30, 49) . We have previously shown that a significant amount of ACh-induced dilation in rat SFA is EDHF dependent (50, 55) , whereas flow-induced dilation is primarily NO and prostacyclin mediated (55) . This difference may explain why H 2 O 2 scavenging only blunted ACh-induced dilation in SFA from young rats. Apocynin also blunted ACh-induced dilation (Fig. 3C ). NAD(P)H oxidase is a major source of vascular H 2 O 2 , both from dismutation of O 2 Ϫ and direct H 2 O 2 production (9, 59) . This may explain the inhibitory effect of apocynin on ACh-induced dilation in SFA from young rats. Importantly, recent investigations have shown that an oral antioxidant cocktail improves exercise-induced dilation of the brachial artery in old subjects, whereas in young subjects antioxidants blunt dilation (11, 37) . This supports the concept that ROS contribute to dilation in young subjects but with age contribute to endothelial dysfunction.
To further investigate the role of ROS in SFA vascular reactivity we exposed SFA from young and old rats to increasing concentrations of exogenous H 2 O 2 . In response to H 2 O 2 SFA from young and old rats exhibited dilation. However, this vasodilator response was blunted with age. This is in accord with observations in rat coronary arterioles (23) . H 2 O 2 has been shown to act as an EDHF, mediate phosphorylation of eNOS, and induce production of prostacyclin (1, 6, 30, 39, 49) ; however, H 2 O 2 has also been shown to induce release of cyclooxygenase-derived constrictors in gracilis muscle arterioles (6) . It is conceivable that with age, H 2 O 2 -induces greater relaxation of arteries from the cerebral and systemic circulation (29) . In the present investigation, increasing concentrations of NADPH resulted in modest dilation in SFA from young animals, whereas NADPH resulted in constriction in SFA from old animals. Together with the observations that apocynin treatment and scavenging of H 2 O 2 blunt dilation in young SFA but enhance dilation in old vessels, these results support the concept that NAD(P)H oxidase-derived ROS play a role in dilation in young SFA but with age mediate constriction. The observation that responses to both exogenous and endogenous ROS are altered with age suggests two potential ways by which ROS alter vascular function with age: 1) the vascular response to ROS may be altered, and/or 2) vascular concentrations of ROS may be altered. Elucidating precisely how ROS function in the healthy and aged skeletal muscle vasculature is an important topic for future study.
With age there appear to be multiple sources of vascular ROS. These sources include NAD(P)H oxidase, xanthine oxidase, mitochondrial sources, and eNOS (in the absence of it's cofactor BH 4 ) (4, 7, 8, 16, 20, 40, 51) . NAD(P)H oxidase is a membrane-bound enzyme complex with several subunits (38) . The finding that NAD(P)H subunit gp91phox protein content is increased with age is of significance as gp91phox is homologous to the catalytic subunit Nox-2, which facilitates the transfer of electrons from NAD(P)H to molecular oxygen, yielding O 2 Ϫ (38). Nox-1, a different isoform of the catalytic subunit, was not altered with age. p47phox and p67phox bind to the catalytic subunit and facilitate electron flow through the catalytic subunit. In the present study, these protein contents were not altered with age. This is in contrast with findings in conduit vessels from aged humans and mice demonstrating increased p47phox and p67phox, respectively (10, 14) . The age-related increase in protein content of the catalytic subunit gp91phox is in accord with the finding that apocynin improved endothelium-dependent dilation and that NADPH elicited vasoconstriction in old SFA, suggesting that NAD(P)H oxidasederived ROS play a role in age-induced endothelial dysfunction in the SFA. In addition to NAD(P)H oxidase, it appears that eNOS is also a source of O 2 Ϫ in the skeletal muscle resistance vasculature. In soleus 1A a precursor of BH 4 improved endothelial function, and inhibition of eNOS resulted in lower vascular O 2 Ϫ concentrations (8, 40) . It is conceivable that in the aged skeletal muscle vasculature, these two mechanisms are linked in that O 2 Ϫ derived from NAD(P)H oxidase may oxidize BH 4 , limiting its availability and resulting in eNOS uncoupling and further O 2 Ϫ production.
In addition to hypothesizing that with age ROS production contributes to endothelial dysfunction, we hypothesized that decreased ROS scavenging would also contribute to the observed decline in endothelium-dependent dilation. Previously we have shown that exercise training improved endothelial function in senescent SFA and that this improvement was mediated by an increase in ecSOD protein content (50) . In the present study we found that SOD-1, ecSOD, and catalase protein contents and SOD activity were not altered with age. Contrary to our hypothesis, we found that the mnSOD protein content was greater in SFA from old rats compared with young. This finding may be reflective of a compensatory cellular response in attempt to combat greater O 2 Ϫ concentrations. In addition, it is interesting to note that the mitochondrial isoform of SOD (mnSOD) was enhanced with age, and mitochondrially derived ROS appear to play a role in vascular aging in rat conduit arteries (51) .
Contrary to our hypothesis, nitrotyrosine expression was not significantly altered with age. Nitrotyrosine is an index of peroxynitrite, the product of NO and O 2 Ϫ . As scavenging of O 2 Ϫ improves endothelium-dependent dilation in senescent SFA it appears that excess O 2 Ϫ plays a role in endothelial dysfunction. It is possible that the concentrations of vascular O 2 Ϫ that induce endothelial dysfunction are lower than those that result in increases in nitrotyrosine. In addition, there are a number of potential mechanisms by which NO production may be reduced with age (27, (41) (42) (43) 58) . It is conceivable that reduced NO production with age reduces the availability of NO for reaction with O 2
Ϫ
. In summary, we tested the hypothesis that age-related endothelial dysfunction in rat SFA is mediated, in part by NAD(P)H oxidase-derived ROS. The findings of the present study suggest that NAD(P)H oxidase-derived ROS attenuate endothelium-dependent dilation in senescent rat SFA. In contrast, it appears that NAD(P)H oxidase-derived H 2 O 2 play a role in ACh-induced dilation in young rat SFA. These results suggest that ROS contribute to impaired endotheliumdependent dilation in old SFA; however, ROS appear to play a role in ACh-induced dilation in SFA from young rats. 
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